The influence of light, gibberellic acid, and abscisic acid on unrolling of etiolated barley leaf segments was investigated. Gibberellic acid stimulated unrolling of both illuminated and nonilluminated leaf segments. In contrast, abscisic acid prevented light-stimulated unrolling and abolished the slight unrolling of segments maintained in the dark.
In etiolated grass seedlings the first leaf remains tightly rolled even when it penetrates the coleoptile; however, upon illumination this leaf unrolls rapidly. Leaf unrolling is caused by a greater growth of the cells of the upper mesophyll as compared to the remamiing mesophyll (2) . Virgin (10) demonstrated that red light was most effective in promoting leaf unfolding and suggested that phytochrome was involved in light-stimulated unrolling.
Scott and Liverman (9) observed that expansion of bean leaf discs could be stimulated by gibberellins and red light. More recently Beevers et al. (1) reported that the unrolling of wheat leaves can also be controlled by various hormones. It was observed (1) that following illumination there was a rapid transient increase in gibberellin level of wheat leaf segments similar to that reported by Reid, Clements, and Carr (8) in barley leaves. This increase in gibberellin level did not occur in leaf segments illuminated in the presence of ABA. These observations are consistent with the suggestion that the unrolling process may be a function of the endogenous level of growth regulators.
The timing of the onset of the unrolling response following illumination or hormone treatment has not been established, and the metabolic events associated with the unrolling process have not been characterized.
The present studies were undertaken in order to delineate the time course of events in the leaf unrolling process of barley as influenced by hormones and light.
MATERIALS AND METHODS
Barley seeds (Hordeum vulgare, L., var. Arivat) were soaked for 8 hr in aerated deionized water. The seeds were then placed between layers of cheesecloth on a stainless steel gauze supported by a 4-liter beaker containing 3.5 liters of aerated 2 mm CaSO4 solution (6) . The seedlings were grown in darkness at 25 C for 6.5 days. All subsequent manipulations were carried out under a dim green safelight.
Sections, 7 mm in length, were cut from the primary leaves starting 1 cm below the tip. In the leaf unrolling studies samples of 10 segments were floated on 10 ml of 0.001 M sodium acetate buffer, pH 5.5, containing the test chemicals, and incubated at 25 C. Stock solutions of the inhibitors were prepared in sodium acetate buffer. Stock solutions of GA and ABA were prepared by dissolving the compounds in 0.001 M sodium acetate and adjusting to pH 5.5 with 0.001 M acetic acid.
Leaf width was determined by arranging segments, which had been blotted dry, on a glass plate fitted to an overhead projector. The enlarged image (X4) was projected onto a screen and measured.
RESUlLTS
When floated on buffer and illuminated, segments of the etiolated primary leaf of barley unroll and turn green. For the first 4 to 6 hr following illumination unrolling is slow; there is then a period of rapid expansion lasting approximately 6 hr followed by a period of less rapid unfolding (Fig. 1) . Leaf unrolling is complete after about 24 hr. In contrast to the illuminated segments, those floated on buffer in the dark unroll much less. The small amount of unrolling that does occur takes place over a prolonged time interval.
Light-stimulated unrolling is prevented by 4 X 10-5 M ABA. In contrast, GA (1.5 X 10-5 M) enhanced the unrolling of illuminated segments, and GA-treated segments commenced to unroll earlier than control segments. Leaf segments treated with GA in the dark unrolled more rapidly and attained a greater width than those floating on buffer solution. However, leaf segments treated with GA in the dark did not unroll as extensively as did illuminated leaf segments (Fig. 1) . GA treatments could partially overcome the inhibitory effect of ABA on unrolling (Fig. 2) .
Continuous illumination is not necessary to effect unrolling; in fact, 5 min of illumination stimulate the unrolling of leaf segments (Fig. 3) . Although unrolling showed the same pattern regardless of illumination time, the extent of the unrolling increased with illuniination time (Fig. 4) . It was demonstrated that GA treatment could partially replace light in inducing an increased unrolling of briefly illuminated segments. Experiments in which segments were illuminated for 2 hr and then returned to darkness showed that addition of GA within 2 hr after the termination of the light period increased unrolling. GA application to briefly illuminated segments at later stages during the dark period failed to enhance unrolling. Similarly, it was demonstrated that application of ABA during the early phases of the dark period following brief illumination repressed unrolling, while later applications did not affect unrolling (Table I) . Segments pretreated for varying periods of time in buffer or buffered GA or ABA in darkness prior to illumination showed that the stimulatory effect of GA and the inhibitory effect of ABA could be induced by a 1-hr exposure to the growth regulators (Table II) .
.In view of the apparent shortening of the lag phase of the onset of photoinduced unrolling by GA, attempts were made to eliminate the lag period. Leaf segments were pretreated with 1.5 X 10-1 M and 3.0 X 10-5 M GA for 1 hr, then transferred to buffer and illuminated. Leaf segments pretreated for 1 hr with GA showed a decreased lag phase of unrolling in comparison to buffer controls (Fig. 5) . The Plant Physiol. Vol. 46, 1970 LIGHT AND HORMONAL EFFECTS ON LEAF UNROLLING decreased when leaf segments were incubated in buffer prior to illumination. Leaf segments which had been floated on buffer in the dark for more than 4 hr showed no lag phase of unrolling following illumination (Fig. 6) .
Influence of Inhibitors of RNA and Protein Synthesis on Unrolling. Chloramphenicol, puromycin, and cycloheximide inhibited the unrolling of both illunminated and nonilluminated leaf segments. Cycloheximide was the most effective inhibitor. High concentrations of chloramphenicol and puromycin were required to inhibit the photoinduced leaf unrolling (Table m) . The inhibitors of protein synthesis also prevented the GA-induced unrolling of nonilluminated segments. Both photoinduced and GA-induced unrolling of dark-incubated segments were only slightly restricted by 5-fluorouracil. Azaguanine inhibited leaf unrolling in both light and dark, but high concentrations of this inhibitor were required to prevent unrolling.
Fluorodeoxyuridine did not affect unrolling of leaf segments in either light or darkness, and high concentrations of the inhibitor only slightly reduced the GA-stimulated unrolling of nonilluminated leaf segments (Table III) .
Addition of actinomycin D to leaf segments prevented both GA-and light-stimulated unrolling provided that the inhibitor was applied prior to the onset of the period of rapid expansion. Leaf segments pretreated with GA for 8 hr and then transferred to actinomycin D + GA for a subsequent 12 hr unrolled almost as much as those segments incubated in GA alone (Fig. 7) . However, the unrolling of leaf segments was restricted if they were transferred to actinomycin D + GA after a GA pretreatment of 4 hr. Thus, between 4 and 8 hr the GA-stimulated growth became insensitive to inhibition by actinomycin D. In contrast the GAstimulated unrolling remained sensitive to inhibition by cycloheximide at this time (Fig. 8) .
Light-induced unrolling showed a similar time response to inhibition by actinomycin D. Thus leaf segments illuminated for 4 to 8 hr prior to exposure to actinomycin D unrolled, whereas unrolling was inhibited if actinomycin D was added after a 2-hr light treatment. Cycloheximide restricted expansion of the leaf segments regardless of the time of application.
Leaf segments maintained in buffer in the dark for 2 to 4 hr prior to illumination and exposure to actinomycin D unrolled appreciably during the first few hours of illumination (Fig. 9) . The unrolling of the actinomycin D-treated segments after 20 hr, however, was less than the buffer controls. Leaf segments which had been maintained in the dark for 8 hr prior to illumination and exposure to actinomycin D unrolled only slightly whereas segments preincubated in the dark for 8 hr and illuminated in the (Fig. 10 ).
DISCUSSION
The period between the start of illumination and the onset of unrolling could indicate a requirement for the synthesis of essential components or the removal of inhibitory compounds or both. The observation that leaf segments unroll slowly in the dark might indicate that materials which prevent unrolling are leached out of the leaf segments during prolonged incubation in buffer solutions. The finding that leaf segments pretreated in the dark do not exhibit a lag phase of unrolling following illumination is consistent with this idea. Since leaf segments treated with ABA in either the light or dark fail to unroll, this might indicate that ABA could function as an endogenous inhibitor of unrolling. Treatment of leaf segments with GA shortens the time lag. If the exogenously supplied GA was overcoming the effects of endogenous inhibitors, it would be expected that increasing the concentration of GA would result in a progressive decreasing of the lag phase. In a comparison of the effects of two concentrations of GA in shortening the lag phase, this was not found to be the case (Fig. 5) . Further, the idea that the lag phase might represent the time necessary for establishing a favorable balance of endogenous growth regulators is difficult to reconcile with the observations that the changes in endogenous hormone levels (1) are only transient and occur early following illumination. Also, leaves treated with GA in the dark fail to expand as extensively as illuminated segments. These observations indicate that the effects of light may involve more than a changed gibberellin status of the leaf segments (Fig. 1) .
The observations that inhibitors of RNA and protein synthesis prevent both light-and GA-induced unrolling indicate that sustained RNA Carr and Reid (3) have also reported on the failure of delayed applications of actinomycin D to inhibit photoinduced unrolling. However, in their studies the escape from actinomycin D inhibition appeared to be more rapid than that reported in this investigation.
The failure of actinomycin D to inhibit photoinduced leaf unrolling after the most rapid period of growth has been initiated ( Fig. 7) is similar to the observations made on the GA-induced release of a-amylase by barley aleurone cells (4) . In contrast to the barley aleurone system, however, it was found that there was not a requirement for the continued presence of GA to elicit maximal response. The GA-stimulated leaf unrolling is similar to the GA-induced germination of gamma-irradiated lettuce seeds (7) in that the GA response appears to occur in the absence of cell division. Leaf unrolling is achieved by an increase in the size of the upper mesophyll cells. In the cereal leaf cell division is confined to the intercalary meristem, which was not included in the leaf segments studied. The absence of dividing cells may explain our failure to demonstrate an inhibition of the GA-stimulated unrolling by fluorodeoxyuridine.
The lag period of unrolling following illumination and to a lesser extent GA treatment may represent the time required for synthesis of RNA and protein essential for growth. The inhibition of induced unrolling by actinomycin D is consistent with this idea. It is difficult to reconcile this concept, however, with the finding that the presoaked leaf segments show no lag period in unrolling following illumination. Paradoxically, this unrolling in the early phases appears to be relatively insensitive to inhibition by actinomycin D (Fig. 9) but is sensitive to inhibition by cycloheximide (Fig. 10) .
We suggest that etiolated tissue possesses a limited amount of precursor molecules with functions inhibited by endogenous inhibitors. The block can be eliminated by illumination, GA treatment, and extensive leaching of the short segments; light-stimulated removal of inhibition can be prevented by ABA. Presumably when the inhibition is removed, the pre-existing components become functional. Evidence in support of this idea was obtained by Eilam and Klein (5) , who found that excising etiolated tissue and incubating it in buffer solution in the dark caused changes in the prolamellar body structure which resembled the early changes this organelle undergoes when transferred to light.
The elimination of the lag phase when presoaked segments are transferred to light or GA may result from the leaching out of some inhibitor during the dark incubation. It is suggested that '-tiolated tissues contain information which is progressively released as the inhibition is relieved by leaching. This information can sustain only limited unrolling of the leaf segments. The utilization of this information is not prevented by actinomycin D (Fig. 9) but is inhibited by cycloheximide (Fig. 10) . In the later phases of photoinduced expansion of presoaked segments the unrolling process is inhibited by actinomycin D since it is during this stage that both sustained RNA and protein synthesis are required.
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